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Aggregate angularity plays a critical role in the performance of asphalt mixtures. Current 
asphalt mix design methods do not specify compaction effort according to aggregate angularity 
or locking points. This study utilised two methods of compaction, gyratory (Superpave Gyra¬ 
tory Compactor) and impact (Marshall Hammer), to investigate the influence of aggregate 
angularity on the locking point of asphalt mixtures. For gyratory compaction, densifica- 
tion curves were used to determine the gyratory locking point. For impact compaction, an 
accelerometer was connected to the Marshall Hammer to register asphalt response, by which 
the impact locking point was determined. Five mixtures were designed and produced in the 
laboratory with different aggregate angularities. The mixtures were tested for their locking 
points and then related to aggregate angularities. Results show that locking point could be 
determined for most of the mixtures in the study by the gyration and impact methods, except 
for the mixture composed of uncrushed, round aggregates compacted with the Marshall Ham¬ 
mer. The locking point of asphalt mixtures was highly related to aggregate angularity. A higher 
aggregate angularity resulted in a lower locking point. Mixtures produced with only crushed 
aggregates showed locking points much lower than mixtures made with both crushed and 
uncrushed aggregates, while mixtures made with only uncrushed aggregates had much higher 
locking points than those made with both aggregates. The findings from this study indicate 
that compaction effort in asphalt mix design should be specified according to the locking point 
of the mixtures. 

Keywords: locking point; angularity; asphalt mix 


Introduction 

The properties of aggregate have a substantial impact on asphalt mixture performance, because 
the aggregate is a significant portion in an asphalt mixture (around 95% by mass or between 
80% and 90% by volume). Aggregate characteristics can be divided into four groups: strength, 
texture, shape, and angularity, as shown in Figure 1 (Sukhwani, Little, & Masad, 2006). The 
angularity of aggregate plays a critical role in asphalt mixture performance and thus is one of the 
most important parameters in asphalt mix design, especially the Superpave Mix Design Method. 
Figure 1 shows that aggregate angularity is defined as the sharpness of the corners of an aggregate 
particle (Kim & Souza, 2009; Meier & Elnicky, 1989). 

Aggregate particles with low angularity generate fewer interparticle contact points, which 
improves the workability of asphalt mixtures and makes them easier to compact. However, 
asphalt mixture designers should look for a balance between aggregate angularity and mixture 
compaction, because interlock is required to prevent rutting after construction. In a properly 
designed asphalt mixture, the composition of aggregates should allow for not only development 
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Figure 1. The concept of aggregate characteristics. (Sukhwani et al., 2006). 


of a stable aggregate skeleton for sufficient shear resistance, but also proper workability for 
adequate compaction (Huang, Chen, Shu, Masad, & Mahmoud, 2009). 

Many studies have been conducted to investigate the influence of aggregate angularity on 
asphalt mixture properties. Wedding and Gaynor (1961) concluded that crushed gravel in asphalt 
mixtures could significantly increase the stability in comparison with uncrashed aggregates. 
Prowell, Zhang, and Brown (2005) indicated that asphalt mixtures with higher percentages of 
fractured faces could increase rat resistance. 

The compaction effort in mix design is represented by a specific number of gyrations (N design) 
for Superpave, or by a specific number of blows for Marshall mix design. Both gyrations and 
blows simulate energy applied to the asphalt layer in the field by rollers during construction and 
secondary compaction applied by a few years of transit. The compaction effort is primarily based 
on expected traffic and does not take into account the angularity of aggregates. 

Since angularity is one of the most important properties of asphalt mix aggregates, the locking 
point should largely depend on this property. The compaction effort should be closely related 
to the locking point. If there is no sufficient compaction effort to reach the locking point, the 
asphalt mixture might have inadequate ratting performance. Contrarily, if the energy applied to 
the mixture is beyond the locking point, fracturing of aggregates can occur and compromise the 
performance of the asphalt mix. 

The locking point can be defined as the point during asphalt mix compaction when aggregates 
interlock and develop a stable skeleton (Vavrik & Carpenter, 1998). The concept of the locking 
point was introduced by William J. Pine, an engineer of the Illinois Department of Transporta¬ 
tion, for asphalt mixtures compacted by the gyratory compactor. The locking point indicates a 
point on the densification curve beyond which the asphalt mixture skeleton resists further com¬ 
paction. Asphalt mixtures can lock up at a variable number of gyrations. It is advisable that the 
locking point to be close to the field compaction provided by the rollers. Asphalt mixtures com¬ 
pacted to the locking point require less effort for field compaction by contractors and provide 
adequate resistance to loads from traffic (Transportation Research Board, 2002). The locking 
point has been determined in many ways by different researchers and agencies, with variation 
in the number of consecutive gyrations required to reach a locking point. Vavrik and Carpenter 
(1998) determined the locking point to be the first gyration in the first set of three gyrations at 
the same height that is preceded by two sets of two gyrations at the same height (commonly pre¬ 
sented as LP2-2-3). The Alabama Department of Transportation determined the locking point as 
the point when the sample being gyrated loses less than 0.1 mm between gyrations. The Georgia 
Department of Transportation determined the locking point to be the number of gyrations when 
the same height repeats three times (Mohammad & Shamsi, 2007). 
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The locking point can be also determined for impact (Marshall) compaction by utilising an 
accelerometer placed on the falling mass of the hammer. Acceleration is measured during com¬ 
paction process and peak acceleration and duration of each blow are analyzed. The impact 
locking point can be determined as the number of blows after which the response of the asphalt 
mixture received by the accelerometer becomes stable with no change in either peak acceleration 
or duration of impact (Polaczyk, Han, Huang, Jia, & Shu, 2018). 


Objective and scope 

The objective of this study was to evaluate the influence of aggregate angularity on the lock¬ 
ing point of asphalt mixtures compacted with the impact and the gyration method. Aggregates 
with high and low angularities were chosen and used in this study. A total of five asphalt mix¬ 
tures were prepared with different aggregate angularities following the Tennessee Department 
of Transportation (TDOT) Standard Specifications (Tennessee Department of Transportation, 
2015). Aggregates with a low angularity were uncrushed river stone and natural sand from Ten¬ 
nessee and those with a high angularity were crushed limestone from Tennessee. The samples 
were compacted in 101.6-mm (4-inch) Marshall mould, and 100-mm and 150-mm Superpave 
moulds. One type of binder, PG 64-22 according to the Superpave performance grade, was used 
in all asphalt mixtures. 


Laboratory experiments 
Materials 

A total of six aggregates were utilised in this study: three aggregates with a low angularity 
(uncrushed river stone 19 mm (3/4”), uncrushed river stone 9.5 mm (3/8”), and natural sand), 
three aggregates with a high angularity (crushed limestone 19 mm (3/4”), crushed limestone 
9.5 mm (3/8”), and crushed limestone (#10 screenings)). Figure 2 shows all six aggregates. 

Aggregate angularity was tested following ASTM D5821 (ASTM International, 2017) for 
coarse aggregates and ASTM Cl252 (ASTM International, 2017) for fine aggregates. Coarse 
aggregate angularity was determined for material retained on sieve No. 4 (4.75-mm). The sam¬ 
ple mass depends on the maximum size of material particles. The sample was washed in sieve 
No. 4 (4.75-mm), dried and weighed. The sample was placed on the flat surface and each particle 
was evaluated to verify if a particle meets the fracture criteria. Particles were separated into two 
categories: particles that did not meet fracture criteria and particles with a specific number of frac¬ 
tured faces (in this study one face). The result was calculated as the percentage of particles with 
one fractured face (ASTM International, 2017). Fine aggregate angularity was determined by the 
uncompacted void content. A calibrated measure was filled with aggregate flowing through the 
funnel at a specific height. The result was calculated as the relation of the void in material that 
filled the measure to the volume of measure (ASTM International, 2017). The angularity test 
results are presented in Table 1 . The results for coarse aggregate angularity are provided for one 
fractured face. 

Aggregates were screened by a set of sieves as follows: 25.4 mm (1”), 19 mm (%”), 9.5 mm 
(3/8”), No. 4, No.8, No. 30, No. 50, No. 100 and No. 200. Screened uncrushed material (gravel 
19 mm (%”), gravel 9.5 mm (3/8”), natural sand) retained on each sieve was mixed together, 
as well as material obtained from crushed materials (limestone 19 mm (%”), 9.5 mm (3/8”) and 
#10). The aggregates were then mixed by weight to produce mixtures with different angularities 
following TDOT specification for 307 B base course mixture. The first mixture was composed of 
the low angularity materials: uncrushed river stones, and natural sand. For the second mixture, 
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Figure 2. (a) Uncrushed gravel 19 mm (3/4”), (b) Uncrushed gravel 9.5 mm (3/8”), (c) Natural Sand, (d) 

Crushed Limestone 19 mm (3/4”), (e) Crushed Limestone 9.5 mm (3/8”), (f) Crushed Limestone (#10). 


Table 1. Aggregate angularity results. 


Aggregate 

CAA (%) 

FAA (%) 

Uncrushed gravel 19 mm (3/4”) 

13 


Uncrushed gravel 9.5 mm (3/8”) 
Natural Sand 

17 

37.1 

Crushed Limestone 19 mm (3/4”) 

100 


Crushed Limestone 9.5 mm (3/8”) 
Crushed Limestone #10 

100 

48.6 


25% of crushed aggregates were added to increase angularity. The third mixture was composed 
of 50% crushed and 50% uncrushed aggregates. The fourth mixture was prepared with 25% 
of uncrushed and 75% crushed materials. Finally, the fifth mixture was made with crushed 
aggregates. Table 2 presents a summary of the aggregate blends compositions. 

For the five mixtures utilised in this study, an unmodified binder PG 64—22 was utilised to 
minimize binder influence. The mixing temperature for asphalt mixtures was 148.9°C (300°F) 
and the compaction temperature was 135°C (275°F). 


Equipment 

The specimens’ compaction for the mixture design was made using a standard Marshall mechan¬ 
ical compactor and 101.6mm (4-inch) moulds. The same compactor was utilised to evaluate 
the locking point utilising impact compaction method. An accelerometer with a capacity of 
5000 g was placed on the falling mass of the Marshall hammer. A Superpave Gyratory Com¬ 
pactor (SGC) was used to obtain the locking point compacted in 100-mm moulds and 150-mm 
moulds. 
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Table 2. Summary of the compositions of aggregate blends. 




Mixtures composition (Cmshed/Uncmshed) 



Sieve 

1 

2 

3 

4 


5 

19 mm (3/4”) 

100% Uncmshed 

75% Uncmshed 
25% Cmshed 

50% Uncmshed 
50% Cmshed 

25% Uncmshed 
75% Cmshed 

100% 

Cmshed 

9.5 mm (3/8”) 

100% Uncmshed 

75% Uncmshed 
25% Cmshed 

50% Uncmshed 
50% Cmshed 

25% Uncmshed 
75% Cmshed 

100% 

Cmshed 

No. 4 

100% Uncmshed 

75% Uncmshed 
25% Cmshed 

50% Uncmshed 
50% Cmshed 

25% Uncmshed 
75% Cmshed 

100% 

Cmshed 

No. 8 

100% Uncmshed 

75% Uncmshed 
25% Cmshed 

50% Uncmshed 
50% Cmshed 

25% Uncmshed 
75% Cmshed 

100% 

Cmshed 

No. 30 

100% Uncmshed 

75% Uncmshed 
25% Cmshed 

50% Uncmshed 
50% Cmshed 

25% Uncmshed 
75% Cmshed 

100% 

Cmshed 

No. 50 

100% Uncmshed 

75% Uncmshed 
25% Cmshed 

50% Uncmshed 
50% Cmshed 

25% Uncmshed 
75% Cmshed 

100% 

Cmshed 

No. 100 

100% Uncmshed 

75% Uncmshed 
25% Cmshed 

50% Uncmshed 
50% Cmshed 

25% Uncmshed 
75% Cmshed 

100% 

Cmshed 

No. 200 

100% Uncmshed 

75% Uncmshed 
25% Cmshed 

50% Uncmshed 
50% Cmshed 

25% Uncmshed 
75% Cmshed 

100% 

Cmshed 
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Figure 3. Aggregate gradation of five mixtures. 


Specimen preparations 

Aggregates previously screened by a specific set of sieves were blended to produce five asphalt 
mixtures with the different percentages of crushed and uncrushed materials. The percentage 
of each material was determined at the level of each sieve, not for the whole aggregate mix. 
Figure 3 shows the aggregate gradation of five mixtures in this study. The aggregate gradation 
was designed to be a mid-point between the upper and lower limits of TDOT specifications 
for 307C base course mixture. The gradation of each mix was maintained equal to eliminate the 
influence of different gradations on the locking point. Initially, an effort was made to use the same 
type of aggregate, such as cmshed and uncmshed gravel and sand, to minimize the influence of 
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aggregate type on the locking point. However, it was difficult to obtain adequate materials with 
a significant difference in angularities. The Los Angeles abrasion test indicated close results for 
gravel and limestone materials (27% for gravel vs. 34% for limestone) (ASTM International, 
2014). Additionally, the limestone result can be affected by a high amount of asperities that 
increase the value of the abrasion test, because asperities in the crushed material can be easily 
damaged. Abrasion is one of the factors that can affect the locking point results. As abrasion 
increases, so does the locking point. This might be attributed to the fact that aggregates with 
a high abrasion also easily break. The breakage of particles can lead to additional compaction 
effort, thus increasing the locking point. A similar level of abrasion could minimize the abrasion 
effect on the locking point results. 

Asphalt cement is another factor that can affect the locking point of asphalt mixtures. Asphalt 
cement serves as a lubricant during the compaction of asphalt mixtures and thus potentially 
affects locking point. Different asphalt contents and types provide different lubricating effects, 
thus resulting in different locking points. It was decided that in this study the optimum asphalt 
content should be used for each of the mixtures. Although the influence of asphalt cement con¬ 
tent could not be eliminated, it could be minimized by using optimum asphalt content, the same 
mixing temperature, and the same compaction temperature. The same unmodified asphalt binder 
PG 64-22 was utilised to produce all the mixtures. The same mixing and compacting tempera¬ 
tures were used to prepare the samples. To eliminate the influence of short time aging, all the 
samples were exposed to the same aging process and the same amount of aging time. 

For all five aggregate mixtures, specific gravities were determined according to ASTM Cl28 
(ASTM International, 2015) and ASTM Cl27 (ASTM International, 2015). Specific gravity 
tests were performed on the aggregate blends and not on individual aggregates. The Marshall 
mix design was used to prepare five asphalt mixes according to the Tennessee Department of 
Transportation (TDOT) specifications. For each mixture, four sets of three samples with dif¬ 
ferent asphalt contents were compacted by applying seventy-five blows to each side, and two 
samples were tested for theoretical maximum specific gravity (ASTM International, 2011). The 
target air void content was set to 4%. The samples were mixed in a mechanical mixer at 148.9°C 
(300°F) and compacted at 135°C (275°F). Before compaction, the loose mixtures were subjected 
to a short-time aging process of two hours at 135°C (275°F). Since the primary objective of 
these mix designs was to find the optimum asphalt content with specific aggregate angularity 
and established air voids, some of the other parameters might be out of specifications. Table 3 
summarises the Marshall mix designs. 


Testing procedure 

To determine the locking point with the gyratory compactor, the samples of each asphalt mixture 
were prepared with an optimum asphalt content and placed in pre-heated 100-mm and 150-mm 
Superpave Gyratory Compactor moulds. The samples were compacted to 100 gyrations and the 


Table 3. Summary of the Marshall Mix Designs. 


Mixture 

Uncrushed (%) 

Crushed (%) 

Optimum AC (%) 

Air Void (%) 

VMA (%) 

VFA (%) 

Blows 

1 

100 

0 

3.5 

4.0 

9.2 

61 

75 

2 

75 

25 

4.2 

4.0 

11.3 

65 

75 

3 

50 

50 

4.7 

4.0 

13.8 

74 

75 

4 

25 

75 

4.8 

4.0 

14.1 

74 

75 

5 

0 

100 

5.0 

4.0 

14.5 

76 

75 
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Figure 4. Diagram of the locking point determination. 
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LOCKING POINT 


height of every specimen was recorded after each gyration. Once compacted, the samples were 
left to cool down overnight. The densification curves were then obtained to determine the locking 
points. 

In this study, the definition of locking point proposed by Vavrik and Carpenter (1998) was 
utilised This definition describes the locking point as the first gyration in the first set of three 
gyrations at the same height that is preceded by two sets of two gyrations at the same height 
(commonly presented as LP2-2-3). This determination of the locking point was based on the 
relationship between cored samples and samples compacted in 150-mm mould related to air void 
level. Figure 4 shows an example of the locking point determination. 

For the locking point obtained with the impact compaction method, a 5,000g accelerometer 
was connected to the mass of the 10-lb. Marshall hammer. Data provided by the accelerometer 
were received by a data acquisition system and sent to a computer. The accelerometer allowed 
continuous recording of the acceleration data, which were stored in the computer. The acceler¬ 
ation data were filtered by applying five-points moving average and plotted in the time domain 
for analysis. 

The locking point was determined to be the first blow after which the peak acceleration and 
duration of impact did not change significantly. In the authors’ previous studies (Polaczyk et al., 
2018), it was not stated what magnitude of change was acceptable. In this study, the maximum 
change was set to db 5% for both peak acceleration and duration of impact. Figure 5 shows 
an example representation of responses of asphalt mixes during different stages of the impact 
compaction process. 

Figure 5(a) represents the initial compaction that lasts for the first 30—50 blows depending 
on mixture type. This stage is characterised by a low peak acceleration and a long duration of 
impact. The acceleration curve shows mostly two peaks, but some mixtures can have three peaks. 
It was observed in this study that a mixture with a low angularity had two peaks while a high 
aggregate angularity could generate three peaks in this stage. The low peak acceleration and the 
impact time in this stage are attributed to low stiffness of loose asphalt mixture. Figure 5(b) shows 
the intermediate stage of compaction, with a duration of between 30 and 50 blows to 100—150 
blows when the locking point is reached. In this stage, the increasing stiffness of asphalt mixture 
results in the increase in peak acceleration and a decrease in impact duration. Also, multiple 
acceleration peaks evolve and become just one peak. Figure 5(c) shows the last stage of impact 
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Figure 5. Common responses from the asphalt mixtures, (a) Initial compaction, (b) intermediate com¬ 
paction, (c) response after reaching locking point. 




Figure 6. Typical trendlines of (a) the peak acceleration, and (b) the duration of impact. 


compaction when the locking point is reached. In this stage, the aggregate particles interlock with 
each other and the mixture stiffness does not increase as much as in previous stages. The shape 
of the acceleration plot is symmetrical, which is different from the intermediate stage where the 
shape of the plot is right-skewed. 

Figure 6 plots the data obtained during complete compaction and shows typical trend lines of 
peak accelerations and duration of impacts during the compaction process. 

Figure 6(a) shows a rapid increase in the peak acceleration during the initial stage of com¬ 
paction, a medium increase during the intermediate stage, and a slow increase during the final 
stage. Similarly, at the initial stage the duration of impact, Figure 6(b), experiences a rapid 
decrease. Then the decrease slows down during an intermediate stage of compaction. 


Results and discussion 

Gyratory compaction method 

Table 4 presents the results obtained from the samples compacted in the 150-mm mould. It 
was initially expected that asphalt mixtures with more angular aggregates would show a higher 
locking point due to the fact that these mixtures are more difficult to compact. However, it was 
observed that more angular aggregates resulted in a lower locking point. This can be attributed to 
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Table 4. Summary of the locking point results for 150-mm mould. 


Sample 





1 

2 

3 

4 

5 

6 

7 

8 





Mix 

Uncrushed (%) 

Crushed (%) 



Gyrations to LP 



Mean 

SD 

Range 

Variance 

1 

100 

0 

65 

75 

76 

64 

75 

70 

79 

69 

72 

5.4 

15 

26.0 

2 

75 

25 

58 

52 

60 

51 

60 

61 

62 

55 

57 

4.2 

11 

15.5 

3 

50 

50 

50 

55 

49 

49 

46 

58 

55 

50 

52 

4.0 

12 

14.3 

4 

25 

75 

51 

48 

50 

54 

47 

55 

53 

50 

51 

2.8 

8 

7.0 

5 

0 

100 

40 

46 

43 

47 

41 

43 

40 

45 

43 

2.7 

7 

6.4 


the fact that although these mixtures were more difficult to compact, the more angular particles 
in them were also more likely to interlock with each other at an earlier stage and result in a lower 
locking point. 

The locking points for the five mixtures ranged from 72 gyrations for mixtures with a 
low aggregate angularity to 43 gyrations for mixtures with a high aggregate angularity. It 
was observed that as aggregate angularity increased, the range and variance of locking points 
decreased. Mixture #1, which was produced with only uncrushed aggregates, the locking points 
ranged from 64 gyrations to 79 gyrations. Round aggregates generated fewer interparticle con¬ 
tacts. These round aggregate particles were in constant movement during compaction. This effect 
can be compared to compacting sand on the beach, which would hardly be successful. To deter¬ 
mine if there was any aggregate breakage, mixture #1 was washed with Trichloroethylene and 
sieve analysis was performed. The results showed that there was little aggregate breakage during 
compaction. 

Samples of the mixtures with a higher percentage of crushed aggregates exhibited a lower 
locking point as well as a lower standard deviation and lower variance of the range of locking 
points. As mentioned earlier, the average locking point results for all five mixtures ranged from 
72 gyrations for uncrushed materials to 43 gyrations for crushed aggregates. The mixtures with 
a percentage of both crushed and uncrushed materials had a narrower range from 51 gyrations 
to 57 gyrations, resulting in a range of only six gyrations. In comparison, the range between the 
locking points for all five mixtures was 29 gyrations. 

Mixture #5 consisted of only crushed materials and obtained the most consistent results of all 
the individual samples and the lowest locking point. The range of the locking point was from 
40 gyrations to 47 gyrations, resulting in a range of 7 gyrations. Also, its standard deviation and 
variance were 2.7 and 6.4, respectively, resulting in the lowest value from all the mixtures. Sim¬ 
ilarly, after mixture #5 was washed with Trichloroethylene and post-compaction sieve analysis 
was performed, the gradation results showed no significant changes in the percentage passing 
each sieve, indicating that no significant aggregate breakage occurred during compaction. 

Table 5 summarises the gyratory locking point results using a 100-mm mould. 4. Similarly 
to the locking points using 150-mm mould, the mixture produced with uncrushed aggregates 
showed the highest locking point of 61 gyrations, while the mixture made with crushed material 
had a much lower locking point of 29 gyrations. 

Comparing results from the 150-mm mould with those from 100-mm mould, the ranking of 
mixtures’ locking points is the same. However, the locking point for each mixture was lower than 
those from a 150-mm mould. The reason for the difference in locking point can be attributed 
to differences in mould size and the amount of material required to prepare each sample. The 
amount of material required to prepare a 150-mm sample is almost four times that of a 100-mm 
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Table 5. Summary of the gyratory locking point results for 100-mm mould. 


Sample 





SI 

S2 

S3 

S4 

S5 

S6 

S7 

S8 





Mix 

Uncrushed (%) 

Crushed (%) 



Gyrations to LP 



Mean 

SD 

Range 

Variance 

1 

100 

0 

61 

58 

54 

63 

60 

65 

66 

60 

61 

3.9 

12 

13.1 

2 

75 

25 

54 

51 

48 

46 

50 

48 

45 

49 

49 

2.9 

9 

7.1 

3 

50 

50 

50 

45 

45 

43 

49 

51 

44 

43 

46 

3.2 

8 

9.2 

4 

25 

75 

44 

40 

42 

44 

38 

37 

40 

39 

41 

2.6 

7 

6.0 

5 

0 

100 

29 

25 

31 

31 

30 

28 

30 

29 

29 

2.0 

6 

3.4 


sample. The space to accommodate aggregate movement and the compactive effort required to 
generate aggregate interlocking aggregate is lower for the smaller mould, which explains the 
lower locking points. The samples compacted in the 100-mm mould also had lower values of 
standard deviation, variance, and range than those of the samples compacted in 150-mm mould. 
The range of the locking points was from 61 gyrations for asphalt mixture with uncrushed mate¬ 
rials to 29 gyrations for mixtures with crushed aggregates. Similarly, the data obtained from the 
bigger mould shows that mixtures prepared with a combination of crushed and uncrushed mate¬ 
rial had a narrower range from 41 gyrations to 49 gyrations (a difference of 8 gyrations) than 
samples prepared with either crushed or uncrushed material (a difference of 32 gyrations). 

For mixture #1 compacted in the 100-mm mould the range of the results obtained from eight 
samples was from 54 gyrations to 66 gyrations, the standard deviation was 3.9, and the variance 
was 13.1. These results were lower than those for the samples compacted in 150-mm mould. 
Mixtures #2, #3 and #4 had similar results of range, standard deviation, and variance. For the 
samples compacted in the larger mould, mixture 3 showed the highest standard deviation. Mix¬ 
ture #5, which was composed of crushed aggregates, had the lowest locking point, standard 
deviation, variance, and range. This might be attributed to its highest interlocking ability with 
crushed aggregates and a lower compactive effort required because of its smaller size. 


Impact compaction method 

Table 6 summarises the locking point results obtained from the samples compacted with the 
impact hammer. It is worth noting that similar to the locking points obtained with the gyratory 
compactor when the percentage of crushed particles in the asphalt mixtures increased, the locking 
point decreased. However, the results of range, standard deviation and variance did not show a 
clear trend as it was observed with data obtained for the gyratory compactor. Mixture #5 showed 
the highest standard deviation, variance, and range, followed by mixture #3, mixture #2 and 
mixture #4. 

It was not possible to determine the locking point for mixture #1. Its results were marked 
as >150 blows as found in previous works, which means that locking point was higher than 
150 blows. The difficulty in determining the locking point for this mixture can be attributed 
to the simple lack of interlocking between uncrushed aggregate particles and their continuous 
movement. One additional sample of mixture #1 was compacted by applying 150 blows on each 
side of the specimen, but it was still not possible to detect the locking point because of continuous 
variation in the peak acceleration and the duration of impact. 

Mixtures #2, #3 and #4 showed a similar locking point pattern as the same mixtures com¬ 
pacted with the gyratory compactor. The pattern was characterised by a decreasing locking point 
and close range of the results. The range was from 144 blows for mixture #2—134 blows for 
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Table 6. Summary of the locking point results for impact compaction in 101.6 mm (4-in) mould. 


Sample 

1 2 3 


Mix 

Uncrushed (%) 

Crushed (%) 

Blows to LP 


Mean 

SD 

Range 

Variance 

1 

100 

0 

> 150 

> 150 > 

150 


_ 



2 

75 

25 

142 

147 

143 

144 

2.6 

5 

4.7 

3 

50 

50 

140 

137 

134 

137 

3.0 

6 

6.0 

4 

25 

75 

135 

131 

135 

134 

2.3 

4 

3.6 

5 

0 

100 

102 

113 

107 

107 

5.5 

11 

20.2 


mixture #4. However, the standard deviation and range did not follow the pattern seen in the 
use of the gyratory compactor (150-mm mould) in that process, the highest standard deviation 
and range of the results was for mixture #3. But for the gyratory compactor, the highest values 
were for mixture #2. Similar to the results obtained with the gyratory compactor, mixture #5 had 
the lowest locking point. For gyratory compaction, mixture #5 had the most consistent results 
among the samples, but for impact compaction, the results were less consistent, with a range of 
11 blows, standard deviation of 5.5 and variance of 20.2. All three samples were washed with 
Trichloroethylene and post-compaction sieve analysis was performed to evaluate possible aggre¬ 
gate breakage. The results showed that sample #2 suffered particle breakage in the coarse portion 
of the aggregate gradation curve while samples #1 and #3 did not show significant aggregate 
breakage. Even with one sample affected by aggregate breakage, mixture #5 still showed the 
lowest locking point, which is consistent with its gyratory locking points. 

The locking point results from both gyratory and impact compaction indicate that an increase 
in aggregate angularity results in a decrease in locking point. A higher angularity also requires a 
higher optimum asphalt content, which increases the lubricating effect of asphalt binder, thereby 
affecting the locking point of asphalt mixtures. 

Angularity affects the locking point considerably and locking point that is not in relation to the 
design and the field compaction effort can affect the performance of the asphalt mixture. The high 
range of locking points produced by different aggregates angularities can result in performance 
issues. The value of N design for Superpave and number of blows for Marshall do not consider 
aggregate angularities or the locking point. In this study, the results of the locking point for the 
impact compaction ranged from 107 to 144 blows. The mixture with the locking point of 107 
blows is heavily over compacted when standard 75 blows per side are applied and the skeleton 
of this mixture can be damaged. The locking point for gyratory compaction obtained from 150- 
mm mould ranges from 43 to 72 gyrations and from 100-mould from 23 to 61 gyrations. These 
high ranges compared to the single value of N design can produce under or over compacted asphalt 
mixture. It is advisable to utilise the locking point as the complementary factor when mix design 
is performed as it can be utilised as fast indicator of possible performance issues before more 
complicated and time-consuming performance tests are conducted. 


Summary and conclusions 

The compaction effort required in an asphalt mix design to achieve a stable and strong aggregate 
skeleton might be specified according to the locking point of the mixture. Unnecessary further 
compaction not only causes breakage of aggregate particles but even damages the aggregate 
skeleton of the mixture. This study evaluated the influence of aggregate angularity on the locking 
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point of asphalt mixtures. Based on the laboratory test results, the following conclusions can be 
drawn: 

• Aggregate angularity had a significant influence on the locking point of asphalt mixtures. 
As aggregate angularity increased, the locking point of asphalt mixtures decreased. More 
angular aggregates not only made asphalt mixtures more difficult to compact but also 
increased the possibility for aggregate particles to interlock with each other at the early 
stage of compaction, resulting in a lower locking point. 

• The locking point could not be determined for the mixture with only uncrushed aggre¬ 
gates (mixture #1 in this study) compacted by the impact, even with an increased number 
of blows. The reason can be attributed to the lack of interlocking between spherical 
aggregates. 

• Mixtures with high participation of crushed aggregates may suffer a significant aggregate 
breakage during impact compaction. Aggregate breakage required additional compaction 
effort, resulting in a higher locking point. Additionally, aggregates breakage creates more 
surface area, that is not covered with asphalt binder. This uncoated area may permit the 
water to infiltrate asphalt layer and decrease performance and life period. 

• Mixtures made with a combination of crushed and uncrushed aggregates showed a closer 
range of locking points in comparison to mixes with only uncrushed or crushed aggregate. 

• Impact compaction and gyratory compaction (in 100 and 150 mm moulds) gave a similar 
ranking of the locking points. However, for the same mixture, use of a small size mould 
(100-mm gyratory mould) resulted in a lower locking point than the use of a large mould 
(150-mm mould). Smaller samples required lower energy to interlock. 

• Compaction effort in two current asphalt design methods, Superpave (N design) and Marshall 
(blows), does not include aggregate angularity as a design factor. The results from this 
study showed that mixtures of different aggregate angularities need different compaction 
effort to develop a stable aggregate skeleton and to reach their locking points. Additional 
compaction beyond the locking point may cause aggregate breakage. It is recommended 
that aggregate angularity to be considered in asphalt mix design and a mixture should not 
be compacted beyond its locking point to avoid potential aggregate breakage. 

• The optimum asphalt content was used for each mixture to determine their locking points 
in this study. However, it is not clear about the effects of asphalt content on locking point. 
A higher aggregate angularity usually requires a higher optimum asphalt content, which 
provides increased lubrication and affects locking point results. Further studies are needed 
to explore the effects of asphalt content on locking point. 
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